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We investigate the effect of epitaxial strain on the electrocaloric effect (ECE) in BaTiO3 by
means of ab initio based molecular dynamics simulations. We show that tensile strain can be used
to optimize the operation range for ferroic cooling. Strain in the range of ≤ 1 % can be used to shift
the operation temperature by several hundreds of Kelvin both to higher and lower temperatures,
depending on the direction of the external field. In addition, the transformation between multi-
domain and mono-domain states, induced by an in-plane electric field, results in an additional peak
of the adiabatic temperature change at lower temperatures, and a broad temperature interval where
the caloric response scales linearly with the applied field strength, even up to very high fields.
1. INTRODUCTION
Within a ferroic material, a variation of the ferroic or-
der parameter can be induced through application of the
corresponding conjugate field. Depending on the ther-
mal boundary conditions, this results in an isothermal
entropy or an adiabatic temperature change. For exam-
ple, if an externally applied conjugate field is removed
under adiabatic conditions, order parameter and temper-
ature typically decrease. It has been shown that “giant”
caloric effects occur for different classes of materials in the
vicinity of field-induced structural-ferroic transitions1,2.
For example, in ferroelectric BaTiO3 (BTO), the largest
field-induced change of the order parameter (electric po-
larization, P ), and thus the largest adiabatic temperature
change, is observed for temperatures slightly above the
transition between the cubic paraelectric high tempera-
ture phase and the tetragonal ferroelectric phase at about
400 K3,4. Systems that exhibit such giant caloric effects
have a huge potential for the development of novel cool-
ing concepts5–7. For the case of the electro-caloric effect
(ECE)6,8, much work is focused on thin films2,3,6,8,9, as
the magnitude of the ECE generally increases with the
strength of the applied electric field10, and large fields
can be induced by moderate voltages within thin films9.
In addition, the high surface to volume ratio allows for
a fast heat transfer to the environment and thus, poten-
tially, for fast cycling of a device. Thin films also allow
to combine the advantages of single crystals (well defined
crystallographic orientation) and poly-crystals (mechan-
ical stability during cycling).
Furthermore, thin films are often subject to strain,
which can strongly affect the ferroelectric properties, and
thus provides an efficient way for tailoring the desired
functional properties11. If a material such as BTO is
grown epitaxially on a surface representing a square lat-



































FIG. 1: Schematic phase diagram of BaTiO3 under epitaxial
strain, adapted from17. Colors encode different polarization
(P ) directions (also illustrated by the insets). Red: P along
c; light blue: a/b multi-domain state (P as sketched on the
upper right-hand side); darker blue: ab mono-domain state (P
as sketched on the lower right-hand side); light purple: ac/bc
domains (in plane P as for a/b domains with homogenous
P along c); darker purple: abc mono-domain phase. White
dotted lines border multi-domain phases. TC (TS) indicates
the strain-dependent transition temperature for in-plane P
(for the multi-domain to mono-domain transition). The grey
area below the bulk TC for η ≈ 0 indicates a region with
complex multi domain states.
directions (a and b), whereas the lattice constant along
the film normal (c) can adjust freely. As a result, the fer-
roelectric transition temperatures and the relative stabil-
ity of different ferroelectric phases of BTO are modified,
as depicted in fig. 112–17. For zero strain, i.e. pure clamp-
ing by the substrate, both in-plane and out-of-plane com-
ponents of the polarization appear at the same transition
temperature TC, equal to the bulk transition tempera-
ture. Tensile (positive) strain then increases the transi-
tion temperature for the in-plane components of P (i.e.,
























2ture for the out-of-plane component (along c), and vice
versa for compressive strain12,15. In addition to the ferro-
electric mono-domain phases found at low temperatures,
multi-domain configurations are stabilized between TC
and TS
14,16–19.
Generally, a field-induced change of polarization and a
resulting adiabatic temperature change occur for all val-
ues of strain and all temperatures. However, the largest
effect is usually observed just above TC. This can be











Here, the electric field E is varied from E1 to E2 un-
der adiabatic conditions, P is the polarization compo-
nent along the field direction, and CE is the specific heat
at constant field (and constant pressure). The largest
changes, ∂P/∂T < 0, occur just above TC (where the
field causes a transition or crossover to the ferroelec-
tric phase), resulting in a strong peak of ∆T (T ) with
a relatively sharp drop on the low temperature side and
a broad shoulder towards higher temperatures, see e.g.
refs.2,6.
Most previous studies investigating the influence of epi-
taxial strain on the ECE in BTO have concentrated on
compressive strain20–23. In contrast, the influence of ten-
sile strain has so far only been investigated based on phe-
nomenological models, with partly contradicting results.
For example, both an increasing20 and a decreasing21,22
maximal temperature change have been reported. Such
discrepancies, which can be caused by different model as-
sumptions or parameterizations, can be resolved through
ab initio-based simulations. Furthermore, for both kinds
of strain we are only aware of investigations on the role
of an electric field along the surface normal. However,
the ECE in single crystals can depend strongly on the
direction of the applied field24–26. In addition, the ECE
in the multi-domain states with a/b and ac/bc domains
and in particular at the corresponding multi-domain to
mono-domain transitions at TS, has not been investigated
so far.
In this paper, we address the following questions: Does
tensile strain enable or hamper a large caloric response?
In particular, can such strain help to obtain a significant
ECE over a broad temperature range around ambient
temperatures, which is desirable for many applications?
How does the strain-induced multi-domain state affect
the ECE? To understand these issues, we explore the role
of tensile strain on the caloric response of BTO, using ab
initio-based simulations and taking different directions of
the applied field into account. We show that tensile strain
≤ 1 % can be used to shift Tmax by several hundreds of
Kelvin both to higher and lower temperatures, depending
on the direction of the external field. In addition, the
transformation between multi-domain and mono-domain
states, induced by an in-plane electric field, results in
an additional peak of ∆T (T ) at lower temperatures, and
a broad temperature interval where the caloric response
scales linearly with the applied field strength, even up to
very high fields.
2. METHODS
Molecular dynamics simulations are performed, em-
ploying an effective Hamiltonian27 as implemented in the
feram code developed by Nishimatsu et al.28.36 The ab
initio-based parametrization of the effective Hamiltonian
for BTO is taken from ref.29. Periodic boundary condi-
tions and a cell size of 96×96×96 BTO units have been
used. We model the epitaxial strain imposed through a
hypothetical substrate by fixing the elements η1 (≡ ηa)
and η2 (≡ ηb) of the homogenous strain tensor (in stan-
dard Voigt notation) to the external strain η and setting
η6 = 0. We define zero strain for a lattice constant of
3.996 A˚, which we obtain for the paraelectric phase of
bulk BTO directly above TC.
We note that, due to the large size of our simulation
cell, we obtain additional domain configurations, with lo-
cal polarization along various crystallographic directions,
for very small strain values (|η| < 0.1%) directly below
TC (see grey area in fig. 1). These configurations are ab-
sent for the smaller simulation cell used in ref.17. Since
these additional domain configurations appear only in a
very limited region within the phase diagram they are
not relevant in the context of the present study and are
therefore not discussed any further.
The caloric response is obtained from the following pro-
tocol: (I) We start our simulations above TC and equi-
librate the system within an external field. Afterwards,
we reduce the temperature in steps of maximal 10 K,
using the final configuration from the previous temper-
ature step as initial configuration, i.e. we field-cool the
system. These simulations are performed in the NPT
ensemble using a Nose´-Poincare´ thermostat and a time
step of ∆t = 2 fs30. (II) At each measuring temperature
we start from the corresponding field-cooled configura-
tion, switch to the micro-canonical (NPE) ensemble and
perform direct simulations of the ECE. Advantages and
technical details of this method are discussed in refs.31–33.
We ramp down the field with the rate of 0.002 kV/cm/fs.
This ramping rate is sufficiently slow to ensure thermo-
dynamic equilibrium except very close to the ferroelectric
phase transition, where the dynamic of the system slows
down considerably. We thus use further equilibration of
at least 40 ps previous to measuring the adiabatic tem-
perature change.
We note that the simplifications necessary to construct
the effective Hamiltonian lead to quantitative deviations
of the calculated ferroelectric transition temperatures
(TC) compared to experiment
27,29. Nevertheless, qual-
itative trends and the overall magnitude of polarization
and strain are well described and are generally in good
agreement with experimental observations, cf. refs.15,17.
Furthermore, only 3 out of of 15 degrees of freedom per

































FIG. 2: Adiabatic temperature change of BTO if an external
field of 100 kV/cm is removed for different values of tensile
strain. a): Field along c; b): field along ab. Arrows illustrate
the changes of Tmax and ∆T (Tmax) with strain in the vicinity
of the three transition lines marked (II)-(IV) in fig. 1.
lations, resulting in a reduced specific heat, and thus an
overestimated temperature change ∆T . In the following,
we therefore rescale the calculated ∆T by a factor of 1/5,
according to the ratio between the considered and total
number of degrees of freedom, cf. refs.32,34.
3. RESULTS
Figure 2 shows the calculated electro-caloric temper-
ature change as function of the initial temperature un-
der removal of an electric field of 100 kV/cm applied
along the out-of-plane and in-plane directions for differ-
ent amounts of tensile strain.
We first discuss the case of zero applied strain, η = 0,
i.e., pure clamping, for both field directions. As already
discussed in refs.20,23 clamping reduces the ECE and re-
sults in a broadening of the ∆T -peak. For the field along
the surface normal we find a reduction by a factor of two
compared to the free bulk system (from about 4 to 2 K
for an external field of 100 kV/cm) and the full width
at half maximum (FWHM) increases from about 35 K
(unclamped) to about 55 K (clamped). If the field is
applied along the in-plane ab direction, the peak value
of the ECE, ∆T (Tmax), is reduced to about 1.7 K at
Tmax = 290 K, while the FWHM increases to about 70 K.
Thus, in spite of the reduction compared to the free bulk
case, a large ECE is still obtained for the clamped system
for both field directions.
We note that we find small temperature and field re-
gions where ∂P/∂T |E > 0, e.g. at the transition temper-
atures of the ferroelectric phase polarized perpendicular
to the external field. As a consequence, the adiabatic
cooling in these temperature regions is reduced and even
an inverse ECE, i.e., a heating of the system under field
removal occurs, cf. eq. (1). For instance, at the transition
temperature of the in-plane polarization, TC ≈ 270 K,
for field along c, ∆T changes its sign. In addition, an
inverse (∆T > 0) peak exists around T ≈ 190 K, the
transition temperature to a different multi-domain con-
figuration observed for η ≈ 0. The magnitude of these
inverse peaks may be underestimated due to the used
temperature grid and as several (meta-) stable domain
configurations seem to coexist.
Focusing next on the strain dependence of ∆T (T ), de-
picted in fig. 2, one can observe that increasing tensile
strain shifts the position of the peak in ∆T , Tmax, to-
wards higher (lower) temperatures if the electric field is
applied in-plane (out-of-plane). Thus, the peak positions
essentially follow the transition lines (II) and (III) in fig. 1
for the appearance of spontaneous polarization along the
respective field direction. Furthermore, with decreasing
(increasing) Tmax, the FWHM of the ECE peak increases
(decreases). For example, for a field along c the FWHM
increases approximately linearly with strain from about
55 K to about 90 K between 0 and 0.45 % while the
FWHM for a field along ab is about 50 K for 0.25–0.45 %
and is reduced to 40 K for 0.75% strain.
Most strikingly, the maximum of the ECE,
|∆T (Tmax)|, increases (decreases) systematically, if
the corresponding peak position is shifted to higher
(lower) temperatures. This relationship between
|∆T (Tmax)| and Tmax for different strains can be under-
stood from eq. 1. Even though all quantities under the
integral in eq. 1 depend on temperature (and of course
on the electric field), we find that the change of the peak
value of ∆T under strain is dominated by the explicit
factor T in the integrand. This is analogous to what
has been found in ref.23 for BTO under compressive
strain and electric field along c, see the corresponding
transition line (I) in fig. 1, using the same microscopic
model as used in the present work.
The same trend, i.e. increasing |∆T (Tmax)| with in-
creasing Tmax, due to the strain-induced shift in the fer-
roelectric transition temperature, has also been found
in21 using a modified transverse Ising model and in22
using phenomenological Landau theory. In contrast,
4ref.20, also using Landau theory, has reported the oppo-
site trend, namely decreasing |∆T (Tmax)| with increas-
ing Tmax (and thus increasing |∆T (Tmax)| under increas-
ing tensile strain). The increase of |∆T | found in ref.20
was attributed to a stronger first order character, and
thus increasing ∂P/∂T |E , under tensile strain, cf. eq. 1.
This can neither be confirmed by our ab initio-based
microscopic model nor by the phenomenological mod-
els used in21,22. We note that, while the Landau free
energy in20 is expanded up to sixth order in the polar-
ization, with temperature-dependent second and fourth
order coefficients, ref.22 uses a different parameterization
based on an eighth-order expansion with a temperature-
independent fourth order coefficient.
In addition to the main peak at Tmax, corresponding
to the ferroelectric transition temperature of the polar-
ization component along the field direction, for small val-
ues of tensile strain and field along c we also observe a
small feature in ∆T at the in-plane transition tempera-
ture T abC > 300 K. Here, the onset of the in-plane polar-
ization results in a reduced magnitude (or even reversed
sign) of ∆T , related to regions with negative ∂Pc/∂T |E .
We note that this is analogous to the “double-peak struc-
ture” reported in22 for tensile strains smaller than 0.15 %.
With increasing strain, the magnitude of the “peak” at




Summarizing the results presented so far, we point
out that epitaxial strain can be used to systematically
increase or decrease the temperature range with large
ECE over several hundreds of Kelvin for rather mod-
erate strain values of less than 1 %, depending also on
the direction of the applied field. In fact, for many of
the anticipated device applications, it is important to re-
duce Tmax to ambient temperatures (and also to obtain
a sufficiently large ∆T over a broad temperature interval
around Tmax). Here, we find Tmax about 100 K below
the bulk TC, and thus in a very attractive temperature
range for applications, for only 0.25% tensile strain (see
fig. 2a).
Next, we discuss the ECE for the multi-domain state
observed under tensile strain in the temperature range
between TC and TS. As can be seen in fig. 2b for an
electric field applied along ab, a second peak in ∆T (T ) is
found near the strain-dependent transition temperature
TS, indicated as (IV) in fig. 2. The appearance of this
peak can be explained as follows. Below TS, the system
is in a mono-domain state with a large polarization that
depends only weakly on temperature and field. Conse-
quently the system exhibits only a very weak ECE below
TS. If an external field along ab is applied, TS shifts to
higher temperatures, e.g., for 0.75% strain, TS increases
from 185 K (no field) to 220 K (100 kV/cm) to 370 K
(500 kV/cm). Therefore, if the external field is increased
starting from an initial temperature slightly above TS,
the system transforms reversibly from a multi-domain to
a mono-domain state. Since the net polarization along





































FIG. 3: Electro-caloric strength ∆T/∆E for BTO under
±0.75 % tensile (a) and compressive (b) strain for electric
fields applied along ab (a) and along c (b). Dotted horizontal
lines mark an electro-caloric strength of −0.004 K·cm/kV.
mono-domain ab phase, the polarization is strongly field-
and temperature-dependent around this transition, re-
sulting in a pronounced peak in ∆T .
While for η = 0 the corresponding peak value
∆T (TSmax) for an external field of 100 kV/cm is less than
0.5 K, ∆T (TSmax) increases with increasing tensile strain
and becomes larger than 1 K for 0.75 % strain at about
75 K below the zero-strain TC, see fig. 2 (b). This in-
crease of ∆T (TSmax) is again related to the corresponding
increase of TSmax via eq. 1, as discussed above for the main
ECE peak.
Apart from the additional peak in ∆T , we also ob-
serve a moderately large ECE (∼ 0.5 K for 0.75 % strain)
within a rather broad temperature interval between the
two main ECE peaks, namely in the temperature range
between TS and TC corresponding to the strain-induced
multi-domain configuration. While the corresponding
∆T is small compared to the peak values, it is noticeably
larger than within the ferroelectric mono-domain phase
below TS. This enhanced ECE is due to the field-induced
(and temperature-dependent) gradual rotation of the lo-
cal polarization from a/b towards ab. Furthermore, as
we show in the following, the ECE in this multi-domain















FIG. 4: Adiabatic temperature change of BTO at 0.75% ten-
sile strain under removal of an external field of 100 kV/cm
along the a (open black squares) and ab (filled red squares)
directions.
Figure 3 shows the “electro-caloric strength”, de-
fined as ∆T/∆E2, both under compressive and ten-
sile strain for different applied fields. It can be seen
that in both cases the electro-caloric strength decreases
near Tmax while it increases for even higher tempera-
tures as the field increases. For lower temperatures,
which are most relevant for practical cooling applications,
the electro-caloric strength under compressive strain is
very small and decreases further with the field strength.
In contrast, the electro-caloric strength under tensile
strain is approximately constant between TC and TS,
around −0.004 K·cm/kV, even for field strengths up to
500 kV/cm. Thus, between TC and TS the ECE grows
linearly with the field, and already for a field strength
of 200 kV/cm an adiabatic response of 1 K can be ob-
tained in a very broad temperature interval below TC.
For 0.75% strain, this large and broad response occurs
about 100 K below the bulk TC, i.e. corresponding to
ambient temperatures.
Up to now, the in-plane electric field in our calculations
was always oriented along the ab direction. However, we
note that even for a misaligned field, a rather strong ECE
near TS is obtained. For example, for an in-plane field
along a, we find a similar ∆T (T ) profile and a similar
ECE peak at TS as for the case with the field along ab, see
fig. 4. Only the magnitude of the ECE between TC and
TS and close to the peak at TC are reduced. This reduced
∆T for E along a is most likely due to the polarization-
strain coupling, which does not allow the polarization to
rotate fully into the field direction, due to the epitaxial
constraint.
Finally, we note that we use “poled” (field-cooled)
starting configurations in our simulations, and therefore
our results do not include irreversible contributions which
can arise in the first field cycle, depending on the ther-
mal history and field treatment of the samples. This can
occur due to the existence of different meta-stable multi-
domain states, specifically for fields applied along a and
η → 0.
4. CONCLUSIONS AND OUTLOOK
In summary, we have investigated the effect of epi-
taxial strain on the caloric response of BTO through ab
initio-based molecular dynamics simulations. We have
focused on tensile strain, which provides a very promis-
ing route to enhance the ECE at room temperature and
below. With increasing tensile strain, the ECE is system-
atically reduced for fields along the surface normal. How-
ever, since the optimal operation temperature is shifted
towards ambient temperatures, small values of tensile
strain can be useful in order to optimize the ECE at am-
bient temperatures. In addition, the ECE peak broadens
with increasing tensile strain, which is also favorable for
applications.
For an electrical field applied within the surface plane,
the ECE exhibits two peaks, one slightly above the ferro-
electric transition temperature, TC, and one close to the
transition temperature TS between the mono-domain and
multi-domain ferroelectric phases. Although, the latter
is smaller than the peak at TC, it occurs in a tempera-
ture range that is very attractive for many applications.
Furthermore, TS can be adjusted with the magnitude of
the strain. Between the strain-dependent temperatures
TS and TC, we find a reversible coupling between external
field and the domain configuration. This strong coupling
allows for a linear increase of the ECE with the strength
of the external field, and thus large adiabatic tempera-
ture changes can be obtained within a broad temperature
range. Thus, tensile epitaxial strain can be used to en-
hance the caloric response of BTO well below the ferro-
electric transition temperature, and a considerable ECE
around and below room temperature can be achieved if
the external electrical field is applied within the surface
plane.
Recently, it has been pointed out that the electric field
control of the domain structure in BTO can improve the
caloric response of FeRh films grown on BTO35. Our
results suggest that the caloric response of the BTO do-
main structure itself should also be taken into account,
and that the resulting multicaloric properties can be fur-
ther optimized through epitaxial strain. In the same
spirit, one could also consider to use piezoelectric, mag-
netostrictive, or mechanically-bendable substrates to ad-
just the caloric response of BTO by shifting its optimal
operation range to higher and lower temperatures, which
then allows to adjust the cooling device to a specific heat
source.
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